We present a study of a 20cm selected sample in the Deep SWIRE VLA Field, reaching a 5-σ limiting flux density at the image center of S 1.4GHz ∼ 13.5µJy. In a 0.6 × 0.6 square degrees field, we are able to assign an optical/IR counterpart to 97% of the radio sources. Up to 11 passbands from the NUV to 4.5µm are then used to sample the spectral energy distribution (SED) of these counterparts in order to investigate the nature of the host galaxies. By means of an SED template library and stellar population synthesis models we estimate photometric redshifts, stellar masses, and stellar population properties, dividing the sample in three sub-classes of quiescent, intermediate and star-forming galaxies. We focus on the radio sample in the redshift range 0.3 < z < 1.3 where we estimate to have a redshift completeness higher than 90%, and study the properties and redshift evolution of these sub-populations. We find that, as expected, the relative contributions of AGN and star-forming galaxies to the µJy population depend on the flux density limit of the sample. At all flux levels a significant population of "green-valley" galaxies is observed. While the actual nature of these sources is not definitely understood, the results of this work may suggest that a significant fraction of faint radio sources might be composite (and possibly transition) objects, thus a simple "AGN vs star-forming" classification might not be appropriate to fully understand what faint radio populations really are.
INTRODUCTION
In recent years, many studies have agreed in assigning a relevant role to active galactic nuclei (AGN) feedback in shaping the evolution of galaxies, and in particular their star formation histories, making the co-evolution of galaxies and AGNs a fundamental piece in the puzzle of the general evolution of galaxy populations (e.g. Croton et al. 2006 , Menci et al. 2006 , Bower et al. 2006 , Monaco et al. 2007 , Somerville et al. 2008 ). As it is now believed, basically all massive galaxies in the local Universe harbor a massive black hole, and the correlation between black-hole mass and galaxy bulge mass (e.g. Kormendy & Gebhardt 2001) points toward a close link between the formation of the black hole and of its host galaxy.
At the same time, deep radio surveys have been conducted in association with multi-wavelength observations, allowing such (co-)evolution of galaxies and massive black holes to be probed. These deep radio surveys, for the most part at 1.4 GHz, opened a window on the previously largely unexplored µJy populations. However, unlike the Jy and mJy populations, which are dominated by radio loud AGNs hosted by quiescent galaxies, the µJy radio source population appears to be increasingly dominated by different kind of sources, starforming galaxies and low-luminosity AGNs (e.g. among others Windhorst et al. 1985 , Condon 1989 , Jarvis & Rawlings 2004 .
Beside being studied at radio wavelengths (e.g. Ciliegi et al. 1999 , Richards 2000 , Bondi et al. 2003 , Huynh et al. 2005 , the dual nature of this composite µJy populations has also been confirmed with X-ray and far-infrared observations (e.g. Afonso et al. 2001 , Georgakakis et al. 2003 2004 . Nonetheless, the individual contribution of AGNs and star-forming galaxies to the whole µJy population has proved difficult to determine accurately for several reasons, including the often small size of the samples, as well as observational biases introduced, for instance, by optical (and in particular, but not only, spectroscopic) identification of the counterparts and follow-up. Needless to say, this is even more true at higher redshifts, thus hampering our ability to set evolutionary constraints. Therefore, while many studies over several years have been devoted to this investigation, making use of different kinds of information at different wavelengths (e.g. Windhorst et al. 1985 , Georgakakis et al. 1999 , Gruppioni et al. 1999 , Richards et al. 1999 , Gruppioni et al. 2003 , Seymour et al. 2004 , Cowie et al. 2004 , Afonso et al. 2005 , Huynh et al. 2005 , Afonso et al. 2006 , Simpson et al. 2006 , Fomalont et al. 2006 , Barger et al. 2007 , Seymour et al. 2008 , Ibar et al. 2008 2009 , Bardelli et al. 2009 ), they sometimes have produced controversial results.
In spite of these difficulties deep radio surveys have been recognized, for both the AGN and star-forming components, as an exceptional, powerful tool, even though their potential is not yet fully exploited. First, since radio emission is basically unaffected by dust extinction, important issues at opti-cal wavelengths, e.g. obscured star formation and highly obscured AGNs missing from deep X-ray surveys (but see discussions in e.g. Barger et al. 2007, Tozzi et al. 2009, and references therein) , clearly find a solution when observing at radio wavelengths. In fact, radio-selected AGN samples are not the same as AGN samples selected at other wavelengths, since they include populations of low-power radio sources which would not be classified as AGNs from their optical or Xray properties (e.g. Best et al. 2005a , Hardcastle et al. 2006 , Hickox et al. 2009 ), pointing toward an intrinsically different nature of these sources. Furthermore, the arcsecond resolution available for some of these radio surveys makes it relatively easy to cross-correlate them with other data across a broad wavelength range including optical and near-infrared. This is actually a fundamental point, because in fact the study of the faint radio sources at many different wavelengths obviously maximizes the scientific return of the radio survey, allowing a more complete characterization of a population which is intrinsically mixed at radio wavelengths. In particular, the cross-correlation with large X-ray/optical/NIR surveys where a wealth of information is available in terms of spectroscopic/photometric redshifts, stellar populations and galaxy morphologies, enhances our understanding of the nature of these sources, out to redshift ≈ 1. Just in the last couple of years, several studies were published making use of such deep, panchromatic observations in order to investigate the different galaxy species populating the µJy samples, as for instance Smolčić et al. (2008) in the COSMOS field , Mainieri et al. (2008) and Padovani et al. (2009) in the GOODS-CDFS field, and Huynh et al. (2008) in the HDF-S. This paper is the fourth in a series documenting our study of the deep SWIRE field centered at 10 h 46 m 00 s , 59
• 01 ′ 00 ′′ (J2000). Paper I (Owen & Morrison 2008) describes the 20cm VLA observations which produced the deepest 20cm radio survey to date with 2050 sources and the basic radio properties of the faint µJy population. Paper II ) details a complementary, deep 90cm survey and dependence of 20cm to 90cm spectral index on radio flux density. Paper III ) documents the WIYN spectroscopy of sources in this field. This paper deals with the first properties derived for the µJy population, namely the photometric redshifts and inferred redshift distribution, and the stellar population properties of the host galaxies. Throughout this paper, we adopted the AB magnitude system and WMAP cosmology (Ω M = 0.27, Ω Λ = 0.73, H 0 = 71 km s −1 Mpc −1 ) unless otherwise stated.
DATA
This work is based on optical U,g,r,i,z, near-infrared (NIR) J,H,K, IRAC 3.6µ,4.5µ and GALEX near-UV images of a patch 0.6 × 0.6 square degrees wide in the SWIRE Lockman Hole field, hereafter the Deep Swire Field (DSF). This patch is approximately centered on the region covered by deep VLA imaging ( 10 h 46 m 00 s , 59
• 01 ′ 00 ′′ ). An extensive spectroscopic campaign secured spectroscopic redshifts for several hundreds objects, as detailed in paper III.
Optical U, g, r images were obtained in 2002 (g,r) , and 2004 (U) at the Kitt Peak National Observatory (KPNO) Mayall 4m telescope. A detailed description of these images, including data acquisition and processing, can be found in Polletta et al. (2006) . A deep i-band image was obtained from the Canada France Hawaii Telescope (CFHT) MegaCam Science Archive. The data were acquired in 2005 during the observing run 2005BH99. The stacked MegaCam image has been produced by the MegaPipe pipeline at the CADC 9 . Medium deep K band imaging, covering about 90% of our field, has been downloaded from the UK Infrared Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS, Lawrence et al. (2007) ) science archive 10 . UKIDSS uses the UKIRT Wide Field Camera (WFCAM, Casali et al. (2007) ) and a photometric system described in Hewett et al. (2006) . The pipeline processing and science archive are described in Hambly et al. (2008) and Irwin et al., in preparation. We have used data from the DR2 data release, which is described in Warren et al. (2007) . IRAC 3.6µ and 4.5µ images are part of the Spitzer Wide-area InfraRed Extragalactic Legacy Survey (SWIRE, Lonsdale et al. (2003 Lonsdale et al. ( 2004 ). GALEX NUV deep imaging has been acquired on the DSF as part of the Deep Imaging Survey (DIS). Two contiguous GALEX NUV pointings overlap on the DSF field. Deep stacks have been made publicly available in early 2008 with the GALEX Release 4 (GR4) 11 . In order to produce a single image covering the DSF, the two GR4 images have been coadded using the Swarp software (Bertin 2003 
CATALOGS
Catalogs were generated with Sextractor (Bertin & Arnouts 1996) in "dual-image" mode. Three detection images were used, hereafter referred to as "optical" (g+i), "NIR" (J+H+K), and "IRAC" (3.6µm+4.5µm). Even though the best strategy for building a detection image would be to use all images at the same time (e.g., Szalay et al. 1999) , the significant difference in quality and resolution among our images suggest that we can build a better detection image by using only the best quality images we have (in terms of resolution, artifacts, bad areas due to bright objects). For this reason, the primary detection image was built from the g and i images alone. In order to include in our analysis also redder objects, we then considered the NIR and IRAC detection images as well.
All optical and NIR images were convolved with a gaussian kernel in order to match the seeing of the worse optical image, namely the U band with a seeing of ≃ 1.3
′′ . In order to measure photometry in SExtractor dual-image mode, all images were registered on the optical detection image pixels, with the IRAF tasks GEOMAP and GEOTRAN. The accuracy of the pixel registering, as measured with bright point-like sources, goes from 0.2-0.3 pixel typical for the optical and NIR images, to ≈ 0.5 pixel for the IRAC images (corresponding to less than 0.1 native IRAC pixel).
Photometry was extracted in circular apertures of 0.75 ′′ and 1 ′′ radius. Since optical and NIR images were all smoothed at the same resolution, their photometry needs no correction for different FWHM of the original images. This is not the case for the GALEX and IRAC images, which have a significantly worse resolution. In order to avoid greatly degrading the resolution of the optical/NIR images, GALEX and IRAC photometry was corrected separately for the effect of the larger PSF, by means of aperture corrections based on point-like source profiles matching the individual GALEX/IRAC resolution to the optical/NIR matched resolution of ≃ 1.3
′′ . Mini-background maps produced by SExtractor were used to automatically identify bad areas in each of the three detection images, i.e. areas affected by large bright star halos, spikes and other kind of artifacts, image corners poorly exposed, and generally all areas whose background is not uniform with the rest of the image. While these areas are discarded when dealing with statistical studies of the optical/NIR/IR galaxy populations, we still consider them for the study of the radio-selected galaxy sample, yet flagging the objects falling in these areas for a subsequent visual follow-up. Furthermore, all the single-band images were similarly analyzed in order to flag areas where photometric quality cannot be considered uniform with the rest of the image. Photometry in these areas was then handled with particular care, as explained later.
The accuracy of the aperture photometry measured on these images in dual-image mode was tested with simulations, by adding to the images point-like sources and attempting to recover them given their position is known. It is important to stress that the image quality/depth measured in this way doesn't take into account the detection problem of faint sources in the single image, since we use the detections coming from one of the three detection images described above. Artificial sources with a gaussian profile of 1.35
′′ for the optical and NIR images, and 1.8
′′ for the IRAC images were added with the IRAF task MKOBJECTS. Assuming their positions were known, their photometry was extracted in dualimage mode as for the real objects, by creating bright enough objects at the same position in the detection image. Again we note that this test only aims at checking photometric accuracy of detected sources, independent of detection issues: detection is assumed to be made on a higher S/N detection image, possibly in a very different passband. Nonetheless, these simulations include the effect of bad areas in both the detection and photometry images, which affect the detection (in the detection image) or the flux measurement (in the photometry image). The retrieved aperture magnitudes were then compared with the input (total) magnitudes (by applying the appropriate aperture corrections). From these simulations, we estimated for each image the following quantities, as a function of input magnitude: i) the percentage of input objects for which SExtractor was able to measure a magnitude, ii) the median difference ∆mag between input and output magnitudes, and iii) the 16 th -84 th percentiles of the ∆mag distribution. We used these quantities to determine, for each image, the magnitude range where the measured flux can be considered meaningful, and a realistic error on such flux. In particular, we discarded all measurements fainter than the magnitude mag cut defined as the faintest magnitude where more than 90% of the input objects has a measured flux, the median ∆mag is less than 0.2 mag, and both the 16 th and 84 th percentiles of the ∆mag distribution are within one magnitude from the input magnitude. While these criteria allow to retain the advantages of the dual-image extraction in measuring faint fluxes, they also allow to define for each passband a limit beyond which such fluxes are no longer deemed meaningful measurements, and thus are treated as drop-outs. From the error curve derived from these simulations we also determine a magnitude mag 10 where simulated objects have their flux measured with a typical error of less than 0.1 mag. The adopted values of mag cut and mag 10 are given in Table 1 .
THE RADIO-SELECTED SAMPLE
The sample of radio sources used here is described in detail in paper I. The DSF was observed with the VLA in the A, B, C, and D configurations for a total of almost 140 hours on-source. The final image has a resolution of 1.6 ′′ , with a typical rms at the center of the image of 2.7 µJy ( see paper I for details).
The sky region included in our detection images contains 1930 sources out of the 2055 of the original paper I radio catalog. All three (optical/NIR/IRAC selected) catalogs described in section 3 were used to identify a (optical/NIR/IR) counterpart for the radio sources in the catalog. The radio and optical/NIR/IRAC WCS were first matched by correcting for the mean offsets in ∆RA optical−radio and ∆Dec optical−radio . The scatter in ∆RA optical−radio and ∆Dec optical−radio is ≃0.3
′′ (see figure 1) . Then, for each radio source the three catalogs were searched for a match within 1 ′′ (with an order of preference 1) optical, 2) NIR, and 3) IRAC. Most of the radio sample was matched with an optical counterpart: out of the whole sample of matched counterparts, the (optical unmatched) NIR counterparts and (optical and NIR unmatched) IRAC counterparts contribute for about 12% and 9%, respectively. However, about 20% of these IRAC counterparts and 40% of these NIR counterparts are located in "bad areas" of the optical detection image, where detection was hampered by bright sources or artifacts. Also, when restricting to the redshift range 0.3 < z < 1.3 which will be the main focus in the following, IRAC selected counterparts contribute for just 1%, and NIR selected counterparts for 7% (half of which in bad areas of the optical detection image).
While for most of the sources a counterpart closer than 1 ′′ was found, for almost 6% of the 1930 sources it was not possible to identify a counterpart within 1 ′′ . Half of these could be matched with a counterpart increasing the matching radius up to 1.5
′′ . The other half of the sources without counterpart were automatically and visually inspected: some of these sources are indeed found in image areas affected by bright objects halos/artifacts, some others are blended with another bright object -clearly in such cases the possible counterpart may likely go undetected. However, for 13 (out of 59) unmatched sources it seems that there is actually no counterpart in our images (and no apparent issues in the images which could hamper its detection).
In conclusion, 94% of the radio sources contained in our detection region were assigned a reliable counterpart (within 1 ′′ ), while 3% were assigned a counterpart between 1 ′′ and 1.5
′′ and 3% were not assigned any counterpart.
Since the resolution of the radio image is similar to that of the optical/NIR images, we did not apply the likelihood ratio technique (Richter 1975) which is commonly used to evaluate the reliability of each identification based on the sourcecounterpart distance and counterpart magnitude. However, we used the distance and magnitude distribution of our identified counterparts to evaluate the contamination of our catalog from false counterparts, estimating the probability of false association by randomly shifting the radio source coordinates and repeating the association process. Given the characteristics of most of our associations (75% (97%) are at a distance of less than 0.5"(1") from the source, 70% brighter than i=25 within an aperture of 1.5") the overall contamination of the whole catalog is estimated to be lower than 2%. The contamination from false counterparts of the 0.3 < z < 1.3 sample which will be used in most part of this work is estimated to be negligible (< 1%).
Out of the sources with an assigned counterpart, 76% were detected (i.e. have a measured aperture magnitude brighter than mag cut ) in the U band (and up to 80% including objects possibly undetected because in flagged areas of the U band image), 83% (up to 89%) in the g band, 80% (89%) in the r band, 74% (91%) in the i band, 75% (92%) in the z band, 85% (91%) in the J band, 90% (95%) in the H band, 81% (87%) in the K band, 88% (100%) in the IRAC 3.6µ band, and 93% (100%) in the IRAC 4.5µ band. We note that we give these numbers as an indication of the typical spectral energy distributions (SEDs) of the radio-selected sample: the specific numbers depend on the different depth and overall quality in terms of bad areas of the different images.
PHOTOMETRIC REDSHIFTS
5.1. Determination of photometric redshifts from multi-wavelength NUV to mid-IR photometry The optical, NIR and IRAC selected multi-wavelength catalogs described above were used to estimate photometric redshifts (photo-zs) by means of comparison with a library of galaxy SED templates covering a range of star-formation histories, ages and dust content. A set of 33 templates were used, spanning from a classical local elliptical to several star forming galaxies to a QSO dominated template, and all covering a rest-frame spectral window [1000-70000], thus ensuring an adequate cross-correlation with the available photometric coverage. Beside local galaxy templates (e.g., Coleman et al. 1980 , Mannucci et al. 2001 , Kinney et al. 1996 , a set of semi-empirical templates based on observations plus fitted model SEDs (Maraston 1998 , Bruzual & Charlot 2003 of ≈ 300 galaxies in the FORS Deep Field (Heidt et al. 2003) and Hubble Deep Field (Williams et al. 1996) , were included to better represent objects to higher redshifts.
Here we describe briefly the method used to estimate photo-zs, and we refer to Bender et al. (2001) , Gabasch et al. (2004) and Brimioulle et al. (2008) for a more detailed description of this method, as well as of the construction of the templates. The aperture PSF-matched photometry of each object in the available (up to 11) passbands was compared with the templates, calculating a redshift probability function over the range 0 < z < 10 (in steps of 0.02) for all SEDs. This is done assuming some priors: a different prior on the redshift distribution is assumed for different types of templates (corresponding to younger or older SEDs, that is e.g. an old local elliptical template is assumed to be increasingly unlikely at higher redshifts, while templates corresponding to young stellar populations or QSOs are assumed to have a basically flat likelihood across all redshifts explored). Furthermore, a weak, broad prior on the absolute optical and NIR magnitude lowers the probability to have magnitudes brighter than -25 and fainter than -13. Ly-α forest depletion of galaxy templates is implemented according to Madau (1995) . The "best-fit" photo-z z phot is chosen as the redshift maximizing the probability among all templates, and an error on z phot is defined as e zphot = [Σ i j (z i − z phot ) 2 P i j ] 1/2 , with z i the considered redshift steps in 0 < z < 10, and P i j the contribution of the j-th template to the total probability function at redshift z i .
Systematic offsets between the measured and predicted colors as a function of redshift, which may be due to several reasons as for instance uncertainties in the estimated zero-point, but also possibly uncertainties in the filter response curves or even systematics in the templates, were estimated using almost 500 spectroscopic redshifts available in our field (paper III, private communication from G. Smith 2007, plus some few more published redshifts available from NED 14 ). Therefore, the zero-point for each of the passbands was corrected by a factor which minimizes the systematic shift between observed and predicted color for well-fitted spectroscopic galaxies.
Also stellar templates (Pickles 1998) were fitted to all sources. Comparing stellar and galaxy χ 2 for objects with a point-like morphology, we checked that objects brighter than I≃23.7 with a best-fit stellar χ 2 lower than the best-fit galaxy χ 2 could be classified as stars. The number counts of such selected "stars" are in good agreement with predictions of the Robin et al. (2003) Galaxy model 15 . Fainter than I≃23.7, the classification was found less reliable. None of the sources in the radio sample was classified as star.
When fitting an object's photometry, besides excluding from the fit all magnitudes deemed unreliable (including magnitudes of objects in flagged areas), all magnitudes fainter than mag cut (as defined above) were considered as drop-outs, and a few photo-z determinations with different ways of dealing with drop-outs were compared, in order to test the stability of the derived photo-z. Obviously, the estimated photoz is most unstable for those objects with a very high number (e.g. > 6) of drop outs (or combination of drop outs and flagged magnitudes). Only a minor fraction of the objects is concerned, and the effect on the global sample, and in particular at redshift lower than 2, can be considered negligible. Nonetheless, the outcome of this test was used together with the χ 2 of the best fit, the error on the estimated photo-z, and on the total number of actually measured magnitudes used (e.g. not upper limits or flagged magnitudes), to evaluate the quality of the estimated photo-z for each source.
Only "constrained photo-zs", i.e. with at least 4 measured magnitudes actually used (thus not including upper limits and flagged magnitudes) and a discrepancy between different determinations of less than 20% in ∆z/(1+z) were deemed reliable 16, 17 . In the following we only use photo-zs deemed reliable based on these criteria, unless otherwise noted. 16 A quality flag QF was defined as follows: QF=AA: a photo-z is determined in all different realizations, the total number of upper limits plus flagged magnitudes is less than 5, the maximum difference ∆z/(1+z) among the different determinations is less than 20%, the estimated error on the photo-z is less than 0.2(1+z). QF=A: same as QF=AA but the constrain on the estimated error is relaxed to 0.4(1+z). QF=B: same as QF=A but constrain on number of flagged magnitudes plus upper limits is increased to less than 7. QF=C1: same as QF=B but no constrain on the estimated error on photo-z. 17 Also, based on the χ 2 distribution of such selected photo-zs and on the comparison with the spectroscopic sample (see below), all photo-zs having at the same time both a χ 2 > 2 (97 th percentile of the χ 2 distribution of the "constrained photo-zs") and a relative error e zphot /z phot larger than 75% were discarded.
Accuracy of photometric redshifts
The overall accuracy of our photo-zs is estimated by comparison with the spectroscopic sample. Figure 2 shows the comparison of the spectroscopic redshifts with the retained reliable photo-zs for each of the photometric catalogs (optical, NIR and IRAC selected). In each case, more than 400 objects have been used for the comparison, deriving a median(∆z/(1 + z))< 0.003, ≈3.5% outliers (defined as ∆z/(1 + z)> 0.2), and an accuracy of ≈ 0.05 in ∆z/(1 + z), as estimated either from the NMAD estimator (Hoaglin et al. 1983 or from the 16 th -84 th percentiles of ∆z/(1 + z).
While we have a sizable spectroscopic sample allowing us to assess the accuracy of our photo-z determination, it may also be useful to compare our results with independently determined photo-zs. While such comparison has not the same strengths of the usual spectroscopic vs photometric redshift comparison, it may help to overcome two of its main weaknesses: spectroscopic samples are typically only a small fraction of a galaxy sample, and are significantly biased toward bright sources. In figure 3 we show the correlation between the photo-zs derived in this work and those derived by Rowan-Robinson et al. (2008) (hereafter RR08). RR08 derived photo-zs for all the SWIRE survey, including the Lockman Hole field used in this work. They not only use a different code for estimating photo-zs , but also a significantly different approach. While having a full optical+NIR coverage in some of the fields, in the Lockman Hole they only use photometry in U, g, r, i, 3.6 and 4.5µm passbands. They report for the whole SWIRE survey a typical rms of (z phot -z spec )/(1+z spec ), excluding outliers, slightly larger than 4% for 6 passbands (which is the case of the Lockman Hole) and r Vega <24, and ≈ 4% outliers. In the left panel of figure 3 we thus highlight the comparison for sources with r Vega <24 and photometry available in 6 passbands in the RR08 catalog. By comparing our photo-zs with those by RR08 for these objects, we find almost 6% outliers, a median (z RR08 -z thiswork )/(1+z thiswork ) of ≈ −0.03, and a scatter ≈6%, which is consistent with what expected based on the claimed scatter of both works. We note that their performance, for all SWIRE fields, worsens for z > 1.5 (see original paper). In fact, this worsening may be expected to be especially significant for the Lockman Hole where no NIR photometry is used in RR08, thus likely hampering photozs at z > 1 − 1.5. In fact, as figure 3 shows, the comparison between our and RR08 photo-zs gets significantly worse beyond z≈ 1.5. As far as our photo-zs are concerned, for ≈ 15 objects with 1.5 <z spec < 3.2 we have a median (z photz spec )/(1+z spec ) 0.01 and scatter 0.05, pretty similar to the figures for the whole sample, but a formally higher number of outliers ( 7%, due to one outlier out of ≈15 objects). The right panel of figure 3 highlights instead the comparison of RR08 and our photo-zs for sources with spectroscopic redshift available, either in our catalogs or in RR08. For these sources, while finding a scatter similar to that of the whole magnitude-and number of passbands-limited sample, we find a lower median (≈ −0.01), and < 5% outliers. We notice that the spectroscopic samples used in this work and in RR08 have a significant overlap, thus this might affect the comparison of the photometric redshifts results. Nonetheless, the comparison of photometric redshifts derived with different photometry, different SED libraries, and different methods, allows an indirect evaluation of the photo-z performance on a much larger sample, and at fainter magnitudes, than those allowed by the usual comparison with spectroscopic redshifts. This comparison confirms, at least out to redshift ∼ 1.5, the overall accuracy of our photo-zs as estimated by comparison with our spectroscopic sample.
On the other hand, it is interesting to compare our photozs with a spectroscopic sample of X-ray sources in this field published by Trouille et al. (2008) . In figure 4 we compare our photo-zs with (Trouille et al. 2008 ) spectroscopic redshifts for ≈200 X-ray sources (out of which ≈ 70 belong to our radio sample) for which we have a deemed reliable photo-z 18 . We divide and color-code the sample according 18 Five more objects common to both the Trouille et al. (2008) and our sample were excluded from this comparison because of possibly dubious spectroscopic redshift. One of these is a z=0.35 object for which an available spectroscopic redshift is consistent with our photo-z. The others all have redshifts z 3 in the Trouille et al. catalog, and thus might be expected to be to the Trouille et al. (2008) optical spectral classification, in absorbers, star-formers, high-excitation sources and broadline AGNs (see the original paper for details). The fraction of such "peculiar" objects in this comparison sample is quite relevant, with 40% of the sample being made of broadline AGNs, and a further ≈ 30% of high-excitation sources. As figure 4 shows, our photo-zs perform significantly worse for this spectroscopic sample, as compared to our (or RR08) spectroscopic sample, with much larger scatter and number of outliers. The overall statistics for ∆z/(1+z) for this sample is median≤ −0.015, NMAD scatter ≈10%, and ≈20% of the objects having ∆z/(1+z)>20%. As it is clear from the figure, the worse results are obtained for the broad-line AGN sub-sample (NMAD scatter ≈17%, ≈30% of the sample with ∆z/(1+z)>20%). The poor agreement obtained from this comparison is not unexpected, due to the contamination of the broad-band photometry with a strong AGN contribution (see e.g. Polletta et al. 2007 , and references therein). We also note that our photo-zs performance appears to be similar or better than that achieved by Trouille et al. (2008) , even though when estimating photozs they include templates built from their spectroscopically confirmed broad-line AGNs, while our template set was not specifically tailored toward AGN-dominated SEDs. Furthermore, we note that many (not all though) of the outliers have a large error associated with the estimated photo-z.
Photometric redshifts for the radio sample
An estimated reliable photo-z is determined for 1610 radio sources (86% of the identified counterparts and 83% of the whole radio sample included in the detection image), while for the rest either no photo-z could be estimated, or in most cases it was deemed not reliable according to the criteria defined above.
In figure 2 , the ≈ 300 radio sources making up about 3/4 of the spectroscopic sample are highlighted with orange symbols. While one might expect a worse performance of the photo-zs for the radio sample, because of the presence of the significant AGN population among radio sources, the statistics for the radio sample alone are quite similar, and only slightly worse, than those obtained using the whole spectroscopic sample: median ∆z/(1 + z)=0.0008, scatter ≈5.5%, and 4% outliers (however we note again that a large fraction of the whole spectroscopic sample is made of radio sources). In figure 4 we have already shown (solid symbols) how our radio sample photo-zs perform for the Trouille et al. (2008) X-ray selected sources. In the following, we include the spectroscopic redshifts from Trouille et al. (2008) in our analysis of the radio sample.
In figure 5 we show the redshift completeness of our sample (including spectroscopic and reliable photo-zs) as a function of redshift 19 . Our criteria for selecting a reliable photo-z naturally disfavor higher redshift sources. Since of course we do not know the redshift of all the sources, we can do just an approximate estimate: we assumed that all our photo-zs were broadly correct, even those we decided were unreliable, and used them as a reference to estimate the redshift completeness of the sample. By comparison with our different photo-z catalogs based on different settings (of which figure 5 is one very faint or drop-out in the U band. However they are all clearly detected in our U band image, and in some cases in the GALEX NUV as well. 19 In the following, 8 objects with QF=C1, unusually low χ 2 and very high estimated photo-z error were excluded from the reliable photo-z sample.
FIG. 5.-The redshift completeness of the radio sample. Upper panel:
The shaded histogram shows one realization of the redshift distribution of the whole sample of identified counterparts, while the solid line shows the histogram of used redshifts (spectroscopic redshifts or reliable photo-zs). Lower panel: The fraction of available redshifts (spectroscopic redshifts or reliable photo-zs) as a function of redshift: the sample is assumed to be more than 90% complete in the redshift range 0.3 < z < 1.3. example), we estimated that in the redshift range 0.3-1.3 our redshift completeness should always be higher than 90%, and the 0.3 < z < 1.3 sample is overall complete at a 95% level. In other words, if our photo-zs are broadly correct so that the total number of objects in the redshift range 0.3 < z < 1.3 is right, we estimate an overall redshift completeness in the 0.3 < z < 1.3 redshift range of more than 95% of the identified counterparts, and more than 90% of the whole radio sample within the detection image 20 assuming that all radio sources without an identified counterpart are in this redshift range. This is definitely a conservative assumption since it is likely that many of the unidentified counterparts are very faint galaxies probably at higher redshift.
Redshift distribution of the radio sample
In figure 6 we show the redshift distribution of radio sources based on the radio (sub-)sample for which either a reliable photo-z or a spectroscopic redshift is available (gray shaded histogram). The redshift distribution is shown up to redshift z ∼ 2.7, beyond which the redshift completeness is expected to drop below 80% 21 . The redshift distribution plotted is not corrected for the estimated redshift incompleteness as estimated above (e.g. figure 5 ). 20 Within the detection image here means within the boundaries of the detection images and excluding regions within the boundaries where all three detection images were masked. 21 We also remind the reader that the sample shown here includes a negligible fraction (less than 2%) of counterparts matched within 1.5 ′′ .
Since the DSF radio image is obtained with a single VLA pointing, the rms is not constant over the field, but increases with the distance from the field center. For this reason, the whole radio sample does not have a single flux density limit and this needs to be taken into account. In the following, wherever it is needed we will correct the biased nature of the whole sample by taking into account the non-uniform rms. While it is virtually impossible to make a perfect correction, due to the unknown size distribution of the radio sources, for our purpose we will calculate the appropriate correction for all resolved sources for which a reliable size could be estimated, and will assume that all remaining sources have a typical source size of 1.2 ′′ (see paper I). Taking into account the bandwidth and time smearing, as well as the primary beam correction, and the resolution of the image where the detection was performed, we can estimate how the rms changes across the image, and thus the 5-σ limiting flux density 22 at each distance from the field center (see paper I for more details). In figure 7 we show, as an example, the estimated 5-σ limiting flux density as a function of distance from the field center for a source of size∼1.2". Based on this estimated 5-σ limiting flux density as a function of distance, and on the masked areas in the optical/IR detection images, we calculated the area A i over which each object could be observed and enter our sample. The sky coverage is then used to weight each object (by FIG. 6 .-Top panel: the gray shaded histogram shows the redshift distribution in the range 0.1 < z < 2.7 based on the sample of radio sources with identified counterpart and reliable redshift estimate (see text). The red (dotted) and purple (continuous) lines show the redshift distribution of fluxlimited samples with radio flux density above 24µJy and 84µJy, respectively. All distributions are sky-coverage corrected (see text). All histograms are normalized to the total number of objects in each sample. Bottom panel:
The red (continuous), yellow (dotted) and blue (dashed) lines show the redshift distributions of sub-samples with radio flux densities in the range [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , , and > 100µJy, respectively. In both panels, all distributions are sky-coverage corrected (see text), and are normalized to the total number of objects in each sample. Errorbars show Poissonian errors. 22 The radio sample used in this work only includes detections with S/N > 5. 1/A i ) and thus estimate properties for a flux-limited sample. We note that, as it can easily be seen from figure 7, the faintest sources in our sample can be observed over a very small fraction of the survey (<10%). One might thus be concerned that inaccuracies in the sky coverage correction would significantly affect the results. However, we note that all results presented in the following would be unchanged if considering only flux-limited sub-samples selected in uniformly covered portions of the image (e.g., R < 5 ′ and S 1.4GHz > 16µJy, or R < 20 ′ and S 1.4GHz > 84µJy, see fig.7 ), while the sky coverage correction allows us to make full use of our data set. In the following, we will explicitly refer to flux-limited samples when using sky-coverage corrected samples, in contrast with the whole, biased sample.
All distributions plotted in figure 6 are corrected by the sky coverage. Beside the redshift distribution derived from the whole sample, in the top panel of figure 6 we also show the redshift distributions of two flux-limited samples with S 1.4GHz >24 and >84 µJy. These suggest that the redshift distribution might depend of the flux density of the sample, and we try to make this clearer in the lower panel of figure 6 , where we plot the redshift distributions of three sub-samples in different flux density ranges, our faintest sources (16.5< S 1.4GHz <30 µJy), our typical about-median flux population (30< S 1.4GHz <60 µJy), and bright sources (S 1.4GHz >100 µJy). The redshift distribution of the faintest sources seems to be different from that of the bright ones, with a sharper peak at z ≈ 0.9. A Kolmogorov-Smirnov test indeed suggests that the two distributions are different at a high significance level (P ≤ 0.005) 23 .
SPECTRAL ENERGY DISTRIBUTION FITTING
We use SED fitting on the available multi-wavelength photometry in order to estimate fundamental properties of the stellar populations hosted in this radio source sample. In the 23 We note that the Kolmogorov-Smirnov results quoted here and in the following are obtained from flux-limited sub-samples selected in uniformly covered portions of the image, since the test cannot be meaningfully applied to the sky-coverage corrected data following we will consider photo-zs just as spectroscopic redshifts, assuming that the galaxy is at that redshift and ignoring any error on the photo-z. Different SED fits are used in the following. The first characterization of each galaxy SED is given by the best-fit template associated with the best-fit photo-z. As already said above, and as will be described more in detail below, the templates span a range in stellar population ages, including dust extinction. These templates will then be used to classify galaxies according to the broad, average properties of their stellar populations. In order to properly treat galaxies with an available spectroscopic redshift, the fit was recomputed for these objects assuming the spectroscopic redshift.
In order to classify SEDs based on a more "parametric" approach, and also to investigate possible misinterpretations coming from the use of non-evolving templates, we also performed SED fits using stellar population synthesis models produced with the Bruzual & Charlot (2003) code. Star formation histories (SFHs) were parametrized by simple exponentially declining star formation rates, with a timescale τ ranging between 0.1 and 20 Gyr, and age between 0.01 Gyr and the age of the Universe at the object's redshift. Metallicity is fixed to solar and a Salpeter (1955) initial mass function is adopted, with lower and upper mass cutoffs of 0.1 and 100 M ⊙ . A variable amount of extinction by dust is also included, with A V ∈ [0, 1.5]. The fitting procedure is described in full detail in Drory et al. (2004 Drory et al. ( 2005 . These results too will be used in the following to roughly characterize the host stellar populations based on the best-fit age/τ (meaning the age of the stellar populations from the onset of the star formation divided by the e-folding time of the exponentially declining SFH).
Finally, SED fitting is also used to estimate stellar masses. For this purpose we use, as it is customary, a two-component model, adding to the main smooth component (exponentially declining SFHs described above) a secondary burst. This burst is modeled as a 100 Myr old constant star formation rate episode. Metallicity and IMF of the burst are the same assumed for the main component, however dust extinction for the burst is allowed to reach higher values (A V ∈ [0, 2]). We notice that since we fit aperture photometry, the stellar masses obtained refer to the portion of the galaxy contained in the aperture. We correct these masses to "total stellar masses" by means of the ratio of "total" (FLUX_AUTO) and aperture fluxes in the detection images. The median correction applied for the radio sample is a factor ≈ 2, and 90% of the sample is corrected by a factor ranging between 1.5 and 4. This is an approximation neglecting any color gradients which may certainly exist in the galaxy, in other words we assume that the stellar populations within the measured aperture are representative of the stellar populations of the whole galaxy.
Some of the main derived properties which are used in this work, for objects with spectroscopic or reliable photo-z, are listed in Table 2 which is available in full on the on-line version.
SED PROPERTIES OF HOST GALAXIES: AGN ACTIVITY AND STAR FORMATION
In the following we compare the radio and optical/NIR properties of this radio sample based on the SED fitting results described above.
As shown in figure 8, galaxies best-fitted by different kind of templates (thus in principle galaxies with different stellar populations) tend to occupy different locations in the ra- dio luminosity against redshift diagram. The simplest, and expected, explanation is that different radio luminosities are associated to different physical processes, namely star formation and AGN activity. Figure 8 shows the radio luminosity against redshift for classes selected based on the best-fit photo-z SED template. The templates were divided in "quiescent" (including for instance the elliptical template by Coleman et al. (1980) and the S0 and Sa templates by Mannucci et al. 2001 ), "intermediate" galaxies with low star formation (including e.g. the Sb Mannucci et al. (2001) template), and "star-forming" templates including all actively star-forming galaxies, plus a "QSO" class of a few objects best-fitted by a QSO template. As a reference, the restframe U-B color 24 ranges for the three classes of quiescent, intermediate, and star-forming objects are approximately 1.1-1.4, 0.9-1.1, 0.1-0.9, respectively. Similarly, the U-V color ranges are approximately 1.9-2.2, 1.5-1.8, 0.1-1.3, while the break strengths at 4000, D n (4000) 25 , are about 1.6-2.1, 1.5-1.7, 1-1.3. For reference, these D n (4000) ranges may be compared for instance with typical D n (4000) values for different kinds of stellar populations measured in a local (SDSS) sample (Gallazzi et al. 2005 , their figure 7), and in a VVDS sample in the redshift range 0.45 < z < 1.2 (Franzetti et al. 2007 , their figure 4). We also note that in figure 8 , the "star-forming" class is further split in two sub-classes of star-forming templates, "redder SF" and "bluer SF", with restframe U-B ranging in 0.7-0.9 and 0.1-0.7, and D n (4000) about ≈1.3, 1-1.2, respectively.
Due to the non-evolving nature of the templates used in the photo-z determination, figure 8 only shows the stellar popu-24 Restframe U-B colors, here and in the following, are calculated in the Buser & Kurucz (1978) U and B3 filters. 25 We adopt the Balogh et al. (1999) definition of the Dn(4000) index, that is the ratio of the average flux densities in the narrow bands 4000-4100 and 3850-3950 .
lations status (i.e. actively star-forming, passively evolving, etc.) at the time of observations, without any evolutionary link between same-class objects at different cosmic epochs. In other words, depending on the specific star formation history of each galaxy, and on the overall evolution of galaxy stellar populations, galaxies may (and will) change their class as time goes by.
As figure 8 shows, at all redshifts the highest radio luminosities in the probed range (e.g. L 1.4GHz > 2 × 10 23 W/Hz at z ∼ 0.5 or L 1.4GHz > 5 × 10 23 W/Hz at z ∼ 1) are typical of low-starforming systems (i.e., galaxies classified as intermediate or quiescent). Nonetheless, radio luminosities of such low-starforming galaxies span all the range covered by this survey. On the other hand, galaxies classified as actively star-forming tend to avoid the highest radio luminosities, with just few exceptions. The median radio luminosities of all sub-samples are similar, with star forming galaxies typically showing a median radio luminosity about 20% lower than low-starforming systems (quiescent and intermediate), over the redshift range probed. However, the mean radio power of intermediate and star forming galaxies is typically lower than that of quiescent galaxies (the mean L 1.4GHz of bluer star-forming, redder star-forming, and intermediate galaxies are 30%, 40%, and 50% of the mean L 1.4GHz of quiescent classified sources, respectively). The interquartile ranges for L 1.4GHz plotted in figure 8 also show how the typical range and spread in radio power is different for different SED classes, with the bluer star-forming galaxies mostly lying just above the flux density limit of this survey.
Finally, figure 8 shows how a significant part of this radio sample is made of objects classified as intermediate. This is likely due to the depth of this survey which allows us to go beyond the AGN dominated population, but at the same time does not allow us to reach the still fainter radio luminosities typical of the bulk of normal star-forming galaxies. We note that, while the statistics given above take into account the sky coverage, the points plotted in figure 8 show the whole radio sample with 0.3 < z < 1.3, regardless of the different sensitivity at different radii in the VLA image, therefore the different densities of data points are not directly indicative of the actual relative fractions of different kinds of objects, which are better addressed below.
The nature of faint radio sources: a significant intermediate population?
In figure 9 , we show the restframe U-B vs B colormagnitude diagram of the radio sample, divided as above in quiescent, intermediate and star-forming. In this figure, all sources with redshift 0.3 < z < 1.3 are plotted 26 , taking advantage of the small evolution of the restframe U-B color in the redshift range probed, and thus just one separation between red and blue galaxies was adopted at all redshifts (see e.g. Willmer et al. 2006 , Cooper et al. 2007 , in the same redshift range studied here). The figure shows the well known different locations in the color-magnitude diagram of different galaxy types, with quiescent galaxies on the red-sequence and star-forming galaxies in the blue-cloud. However, as compared to a typical color-magnitude diagram for an optically selected galaxy sample, it is evident that the so-called "green valley", often thought to be populated by transitional objects which are shutting off their star formation and migrating to the red sequence, is not an underpopulated region in this diagram, and actually contains a significant fraction of this radio-selected sample.
However, the actual nature of this significant population of apparently intermediate-type galaxies with low starformation activity is not necessarily clear. In fact, while it might be tempting to consider the option that these are indeed "composite" or "transition" systems, meaning galaxies shutting off their star formation because of (or linked to) an host AGN, on the other hand the colors characteristic of an "intermediate" SED can also be produced in other ways, the most obvious being a starburst affected by a very high dust extinction which is not properly handled by our template set, or possibly a red-sequence galaxy whose observed SED is severely contaminated by AGN emission. In fact, in an attempt to look a bit further into the dust attenuation issue of the intermediate galaxies, we can compare our template-based classification with the parametric one based on the single-component model SED fitting. As shown in figure 10, there is a good overall correlation between the age/τ of the best-fit model and the template-based classification. However, if we look at the dust extinction which according to the best-fit is affecting the model SED, we find that 10% of the intermediate sample at 0.3 < z < 1.3 was best-fitted by a significantly extincted young stellar population (age/τ < 4, A V > 1). For comparison, 30% of the galaxies classified as star-forming was bestfitted by such kind of model, and 3% of the galaxies classified as quiescent. Even though we will not attempt to correct colors based on the rough attenuation estimated by this simple SED fit, the occurrence of apparently significantly extincted objects in the intermediate sample may suggest a possibly relevant contamination by reddened starbursts (see also e.g. . The actual nature of these intermediate sources will be further investigated in a forthcoming paper, by exploiting X-ray and infrared data.
For the time being, to avoid misinterpretations, in the following we will drop the labeling of the three classes as quiescent, intermediate, and star-forming, which directly refers to the inferred nature of the host stellar populations, and will adopt a more generic and observationally-based "red", "green" and "blue".
It is worth noticing how the nature of the radio-galaxies host stellar populations significantly depends on the flux densities reached by the radio survey. In the lower panels of figure 9 the sample plotted in the upper panel has been split in order to draw more meaningful conclusions on the stellar populations of flux-limited radio-selected sub-samples. As it is evident from figure 9, and as it is expected (see section 1), the stellar population properties of the host galaxies, and thus likely also the process responsible of the radio emission, are different in different radio flux density ranges. In the shallowest sample considered (S 1.4GHz > 84µJy), the fractions of blue, green, and red classified objects are roughly similar (33%, 36%, 30%, respectively); in the S 1.4GHz > 40µJy and S 1.4GHz > 24µJy samples they are about 40%, 40%, 20% , and eventually they become 45%, 33%, 22% in the deepest radio sub-sample (S 1.4GHz > 16µJy). This clearly suggests how FIG. 10.-The age/τ distribution for the sub-samples of quiescent, intermediate, and star-forming objects. The solid symbols and errorbars on top of the histograms show the median and 16 th -84 th percentiles of each distribution. Age/τ values larger than 9.5 were set to 9.5 for the purpose of this plot. the contributions of the actively star-forming and red galaxies change with the limiting flux density of the sample, with red galaxies increasing their relevance in brighter samples and, viceversa, star-forming galaxies becoming more important in fainter samples. For these flux-limited samples, according to a Kolmogorov-Smirnov test, the U-B color distributions of the radio-faintest and brightest sub-samples are different at a ≃ 98% significance level. However, the significance of the change in the colors of the host galaxies at different radio flux densities is obviously more evident when considering sources in ranges of radio flux density instead of flux-limited samples, as we will do in the following.
We should notice that, since the lower panels of figure  9 refer to a flux-limited sample, there are different effects which come into play in realizing the different distributions of the different-depth sub-samples, as for instance the higher fraction of z ≃ 1 as compared to z < 0.5 objects probed at fainter flux densities (see figure 6), and likely an evolution with redshift of the 20cm luminosity threshold between star formation-dominated and AGN-dominated radio samples (see figure 8 ). This is further discussed below.
The different (sky-coverage corrected) contributions of the red, green, and blue classified sources are shown in figure 11 . This figure shows how the S 1.4GHz ≥ 100µJy sources, which have a relatively flat redshift distribution in the redshift range we are probing ( fig. 6 ), are roughly equally split between the three sub-classes of red, green and blue galaxies. When going to fainter flux densities, where we saw that the redshift distribution becomes more skewed toward higher redshifts, figure 11 shows that the sample is depleted of red galaxies while the fraction of blue actively star-forming systems increases (green-classified objects make up ≈30-40% in all sub-samples). In the faintest subsample, with S 1.4GHz in the range 16-25µJy, less than 25% of the 0.3 < z < 1.3 sample is at 0.3 < z < 0.7, compared to more than 40% in the shallow S 1.4GHz ∼ 100µJy subsample; the faintest sample only hosts ∼10% red galaxies, while the fraction of blue galaxies has increased to more than 50%. According to a KolmogorovSmirnov test for these radio-faintest and brightest samples, the U-B color distributions are different at a >99.7% significance level.
We also note that, by splitting host galaxies just based on their U-B restframe color (e.g., red galaxies with U-B>1, blue galaxies with U-B<1) we find that, in agreement with previous work (e.g. Mainieri et al. 2008 ), the radio population is dominated by red galaxies above flux densities of 100µJy, while below 80µJy blue galaxies begin to dominate (≈ 65%, considering a flux-limited sample with 40 < S 1.4GHz < 80µJy). Splitting this sample in three redshift bins with 0.3 < z < 0.6, 0.6 < z < 0.9 and 0.9 < z < 1.3, we find that this ≈ 65% fraction stays basically constant as a function of redshift. However, we should think in terms of luminosities instead of flux densities: while the flux density range 40 < S 1.4GHz < 80µJy at z ∼ 0.3 corresponds to a luminosity range of approximately 1-3×10 22 W/Hz, at z ∼ 1.3 it corresponds to luminosities of order 3-6×10 23 W/Hz. These ∼10 23 W/Hz luminosities in the lowest redshift bin would correspond to flux densities well above 100µJy, which as we said are usually dominated by red galaxies. Therefore, the apparently mild evolution between redshift z ∼ 0.5 and z ∼ 1.1 of the fraction of blue galaxies in S 1.4GHz < 80µJy samples actually happens against a change in radio luminosities of an order of magnitude. This is due to evolution in these faint populations as we will further discuss below (section 7.2).
In the following we compare our SED-selected subsamples in terms of different classification criteria from previous studies.
NUV/optical vs radio properties
For the sake of comparison, we show in figure 12 how our classification based on the observed broad-band SED compares to two different classifications of radio samples based on specific rest-frame properties. In the top panel of figure 12 we compare with the AGN/star-forming classification used in Smolčić et al. (2008) . Based on a SDSS/NVSS/IRAS sample of local radio sources, Smolčić et al. (2006 Smolčić et al. ( 2008 devised a classification method to separate populations of radio sources whose 1.4GHz emission is dominated by AGN, by star formation, or is likely to be contributed by both processes. This is based on the principal component restframe colors P1 and P2, which are linear combinations of restframe colors in the modified Strömgren system in the wavelength range 3500 -5800 (Odell et al. 2002 , Smolčić et al. 2006 ). In Smolčić et al. (2008) , a color cut at P1=0.15 was adopted to separate their radio sample in the COSMOS field into two populations of AGN and star-formation dominated systems. As the figure shows, indeed also our objects with a P1> 0.15 are mainly classified as quiescent (thus likely with an AGN produced radio emission), or at most as intermediate color sources (thus with a possibly relevant contribution by AGN). On the other hand, our class of intermediate objects extends down to slightly below P1=0, where increasingly star forming populations become dominant extending down to P1≈ −0.7. Thus, to first approximation, most of our green objects would be classified as star-forming in this scheme 27 . Nonetheless, from e.g. Smolčić et al. (2006) , we note that a significant fraction of the sources with P1 around zero (roughly −0.1 <P1<
FIG. 12.-Top panel:
The principal restframe color-color diagram (P1,P2) for objects with redshift 0.3 ≤ z ≤ 1.3. Symbols and color coding are based on the best-fit SED type as in figure 9 . The solid black line shows the colorcut P1=0.15 between AGN and star-forming dominated populations used in Smolčić et al. (2008) . Bottom panel: The Dn(4000) index plotted against the radio luminosity per unit stellar mass, for objects with redshift 0.3 ≤ z ≤ 1.3. Symbols and color coding as in figure 9 . The dashed line shows the separation between AGN and star-forming galaxies as defined in Best et al. (2005b) . For the purpose of this plot stellar masses were scaled to a Kroupa (2001) IMF. 0.1) populates the region in the BPT (Baldwin et al. 1981) diagram where the AGN/star-forming classification is considered uncertain.
In the bottom panel of figure 12 we plot instead our sample in the Log(L 1.4GHz /M * ) vs D n (4000) plane. Best et al. (2005b) divided a sample of SDSS/NVSS matched sources at redshift z < 0.3 into two broad classes of AGN and starbursting galaxies. The selection was in fact based on the 4000 break index D n (4000) and radio luminosity per unit stellar mass L 1.4GHz /M * . Since we don't have spectra for all sources in our sample, we use synthetic D n (4000) indices derived from best-fit stellar population synthesis models, which may only be considered as a very approximate estimate of the real D n (4000). We use the stellar masses described above to calculate L 1.4GHz /M * for each galaxy. If the estimates we plot are representative enough of the true D n (4000) and L 1.4GHz /M * , we should conclude that indeed basically all of our blue objects are below the Best et al. (2005b) division line, and the vast majority (>90%) of the red galaxies are above the line 28 .
28 As far as these minor differences are concerned, we note that the exact
The green sources fill the gap between the two, just about the division line, falling in both the "AGN" and "starburst" regions. Finally, we show in figure 13 how our classification of this sample compares with other galaxy populations with regard to radio/UV flux densities. Figure 13 shows for our sample the star formation rate (SFR), as determined from the 1.4GHz luminosity, against the dust attenuation estimated as A * 2800 ≡2.5Log(SFR radio /SFR UV ). We note that the meaning of these quantities for the whole sample is ill defined. In fact, only for galaxies whose radio emission is due to star formation the quantity plotted as "SFR" actually represents the SFR, and A * 2800 indeed is the dust attenuation. Instead, galaxies hosting a radio emitting AGN have their 1.4GHz luminosity at least partially contributed by the AGN, and thus both "SFR" and A * 2800 lose their meaning for these objects. However, keeping this in mind, this plot allows us to compare in a simple way our sample with other populations of star forming galaxies at different redshifts and selected with different criteria 29 . As the figure shows, the range of attenuations derived for our blue objects is in very good agreement with other studies of different kinds of star forming galaxies at different redshifts (Calzetti et al. 2000 , Calzetti 2001 , Choi et al. 2006 , Pannella et al. 2009 ). While part of the green objects would also overlap with these samples, it is clear how the A * 2800 for the green population generally lies above the expectations, and definitely the red population has too high values of A * 2800 . This might support the idea that the red population is for the great majority made of AGN hosts, and also suggest that at least part of the green population has a contribution from AGN to the radio luminosity, even though part of these galaxies can still be very dusty systems.
The significant occurrence of AGN hosts among the intermediate population between red and blue galaxies has been noted in several previous studies (e.g., Choi et al. 2009 , Martin et al. 2007 , Nandra et al. 2007 , and references therein), as well as their actual nature of composite (meaning SF+AGN) systems (Schawinski et al. 2007 , Wild et al. 2007 , Salim et al. 2007 . We note that the classification of such composite sources in the literature is quite variable, and for instance galaxies with more than 10% of their radio luminosity contributed by star formation have been classified, in some cases, as starbursts (Tasse et al. 2008 ). This may indeed be the case, and certainly also in our green sample different amounts of star formation are presents, however a starforming-or-AGN classification may be not appropriate for these sources, especially depending on the kind of study they are used for.
Radio-IR properties
As discussed above, in spite of the insight that we can certainly gain by combining radio fluxes and optical/NIR phoshape of the division line was determined, also based on emission-line diagnostics, for a local (z ≤ 0.1) galaxy sample, while the galaxies in our sample were observed 2 to 7 billion years earlier, as it is clear from the Dn(4000) range. 29 We note that the plotted A * 2800 and SFR values from other studies have been derived from the original published quantities with some assumptions, namely: 1) the corrected SFRs derived from 1.4GHz, Hα, UV or IR luminosities agree with each other; 2) the dust obscuration estimated from the comparison of radio or IR vs UV fluxes, UV slope, or Balmer decrements, also agree with each other once the appropriate translations are made; 3) the Calzetti et al. (2000) law; and 4) the color excess for the stellar continuum is a factor 0.44 of the color excess for the nebular gas emission lines.
FIG. 13.-The "dust attenuation" A * 2800 =2.5Log(SFR radio /SFR 2800 ) against "star formation rate" as determined from the 1.4GHz luminosity (see text for the actual meaning of the two quantities plotted). Small symbols color coded as in figure 9 show the 0.3 < z < 1.3 radio sample (21 objects (out of which >95% are red or green) with A * 2800 > 7.5 and/or SFR radio > 2000 are not shown). Large empty circles with errorbars show the Pannella et al. (2009) results (median and 16-84 th percentile range) for star forming BzK galaxies at z ≈ 2. Empty squares and stars show local galaxies from Calzetti et al. (2000) , Calzetti (2001) (star symbols are for galaxies classified as dust-rich in Calzetti (2001) ; note NCG 1614 with SFR=55M ⊙ /yr and very high dust extinction, which by the way hosts an obscured AGN (e.g., Guainazzi & Bianchi (2007) tometry, the results presented so far may not provide conclusive evidence about the actual nature of these sources. Therefore, we need to introduce further information which may help us identify which process powers the radio emission. Obvious promising data already available on this field are X-ray (Chandra) and infrared (Spitzer and Herschel) observations. While we postpone a full analysis of these data to a future work, we use here just the Spitzer/MIPS 24µm data to estimate the total infrared (IR) luminosity of our sources and thus examine the behavior of our SED-selected sub-samples with respect to the FIR-radio correlation (e.g., Condon 1992 , Yun et al. 2001 . The DSF was observed at 24µm with MIPS onboard Spitzer as part of the GO-3 program #30391 (PI: F. Owen), for a total of 60.6 hours over an area of about half square degree, and a median integration time per pixel of about 2500s. The 5σ flux density limit is estimated to be about 40µJy. The data reduction and catalog production are described in full detail in a forthcoming companion paper (Owen et al., in preparation) . More than 80% of the faint radio sources from the 90% complete sample in the redshift range 0.3 < z < 1.3 are detected at 24µm. Matched sources with flux possibly contaminated by neighbors within the 24µm PRF are estimated to be about 10% of all matched detections, based on the cross-correlation with the IRAC 3.6µm catalog. While upper limits make up for < 20% of the whole 0.3 < z < 1.3 sample, they are more relevant for red-classified objects (almost 40% of upper limits) than for green and blue sources.
In the redshift range 0.3 < z < 1.3, the observed 24µm light probes the restframe ∼ 10 − 20µm. We use the templates of Chary & Elbaz (2001) to estimate from the 24µm flux density the total (8-1000µm) IR rest-frame luminosity (or an upper limit for 24µm-undetected sources). This is done taking the template whose predicted luminosity at the observed 24µm is closest to the actual observed 24µm luminosity. Taking the mean or median luminosity across the whole template library typically changes this number within about 0.15dex, but since this is obviously library-dependent we don't see a real point of adopting the mean or median instead of the formal bestfitting template. Furthermore, even just based on the templates available in this library, such estimate of the total IR luminosity based on the single observed 24µm point may be affected by systematics of up to a factor 2.
We use this total IR luminosity together with the 1.4GHz luminosity to estimate the logarithmic ratio of bolometric IR and monochromatic radio luminosities q IR =Log(L IR /(3.75 · 10 12 )) -Log(L 1.4GHz ) (Helou et al. 1985) . This is plotted as a function of redshift for the different sub-samples of red, green, and blue sources, in the bottm-left panel of figure  14 . In this figure, filled circles show sources unambiguously matched with a 24µm source, and filled triangles show sources matched within 2" with a 24µm source but whose 24µm flux might be contaminated neighbors. Finally, upper limits are shown by down-pointing arrows. The bottom-right panel of this figure shows the q IR distribution (corrected for the sky-coverage) for the three different red, green, and blue sub-samples. It is important to note that the plotted histograms (as well as the related statistics given below) include both 24µm detections and upper limits. This does not affect our results (or actually affects our conclusions in a conservative way), since we are interested in the difference between the q IR distribution of the three sub-samples, with q IR of intermediate and quiescent sources expected to be lower than q IR of star forming sources, if the radio power of objects classified as intermediate and quiescent is at least partially provided by an AGN. This means that, including upper limits (and possibly contaminated 24µm detections), we are -if anything -reducing the actual difference between the q IR distributions of the three sub-samples.
In both panels, the gray-shaded area shows the 1σ range about the (redshift independent) q IR = 2.4 reported in Ivison et al. (2009) . As figure 14 shows, blue star-forming sources mostly lie on the expected FIR-radio correlation. Also up to 50% of the green sources lie within 1σ of the expected FIR-radio correlation, which would point toward these being powered by star formation as well. However, even though with a broader distribution, red sources also lie close to the FIR-radio correlation, with up to 40% of this sub-sample lying within 1σ of the correlation. Sources populating the gray-shaded area in figure 14 (1σ about the expected correlation) are for more than 50% classified as starforming, but show a sizable fraction of ∼ 30% and ∼ 10% of green and red sources, respectively. The q IR distribution of red sources appears to be very different from those of blue and green sources. Even though a Kolmogorov-Smirnov test cannot be meaningfully applied to the sky-coverage corrected distributions, applying it to flux-limited sub-samples selected in portions of the radio image with depth uniformly better than a given threshold, suggests than the q IR distribution of red sources is different at a significance of more than 99.9%. A χ 2 test on the binned distributions (including errors) plotted in figure 14 (as well as on similar distributions binned with half bin size), also suggests that the distributions of q IR of red vs. blue or green sources are different at a > 99.5% level. On the other hand, the q IR distributions of blue and green sources look much more similar. The χ 2 test on the binned distributions suggest that they are different at a 98% level, and the Kolmogorov-Smirnov test on a limited part of the sample (as above) gives a P KS ∼ 0.2, thus based on the present data these distributions are, at most, marginally different.
Based on these results one might thus conclude that a large fraction of our sources with intermediate colors, as well as a sizable fraction of the red ones, are actually reddened starbursts. On the other hand, we also note that among the sources which are X-ray detected (and mostly AGN classified in the Trouille et al. (2008) sample), many lie on the FIR-radio correlation, including some classified as absorbers (based on OII or H α +NII equivalent widths). Indeed, other studies have found that sources classified as low-radio power AGN may often lie on or close to the same FIR-radio correlation expected for star forming sources (e.g. see discussions and references in Smolčić et al. 2008 , Sargent et al. 2010 ). However, it should also be noted that an AGN selected based on its (spectral or photometric) optical/NIR properties (or X-ray), hosted in a "composite" system with ongoing star formation, may be in a stage where radio emission is negligible and thus does not significantly affect the IR/radio properties which remain determined by the star formation process. In this case, while information at other wavelengths suggest the presence of an AGN, it might not (significantly) contribute to the radio power of the source. Furthermore, obscured star formation confined in limited areas of a galaxy might also determine its IR/radio properties while possibly going undetected in broad-band photometry at optical wavelengths. On the other hand, we remind again the reader that the q IR in figure 14 relies uniquely on the observed 24µm flux density, and thus might be biased producing a spurious result. For comparison, we also show in the top panel of figure 14 the observed (non k-corrected) flux density ratio q 24 = Log(S 24µm /S 1.4GHz ). As a reference, the gray shaded area shows the envelope of Chary & Elbaz (2001) and Rieke et al. (2009) 
templates with L IR =10
11 L ⊙ and 10 12 L ⊙ (plus also 10 10 L ⊙ for z 0.5). This q 24 -based figure essentially reflects the results of the bottom panel. We will continue the investigation of IR/radio properties of this sample with a proper SED analysis of the full data in a future work. SED class) in three redshift ranges. Figure 15 shows number densities based on the 0.3 < z < 1.3, 90% complete sample, estimated with the 1/V max method (Schmidt 1968 , Avni & Bahcall 1980 . Within the redshift range 0.3 < z < 1.3, the maximum volume over which an object can enter our sample essentially depends on its radio luminosity and on the (non uniform) depth of the 1.4GHz image. Therefore, for each source of a given radio luminosity L 1.4GHz , the maximum volume accessible to the source was calculated, based on the maximum redshift out to which the source would have been detected as a function of the varying image depth of the 1.4GHz image. We remind the reader that, similarly to what discussed above concerning the sky coverage correction, the 1/V max correction is not negligible for low-luminosity sources due to the limited survey area probing the faintest fluxes. On the other hand, we also note here that luminosity functions obtained, without the use of the 1/V max correction, by using smaller volume limited samples defined in portions of the radio image and luminosity ranges, are generally in very good agreement with those determined with the 1/V max method, and lead to the same conclusions.
Only sources in the > 90% complete sample were used, and no further correction was adopted for the small residual incompleteness of the sample. However, we remind the reader again that the > 90% completeness level of this sample was estimated based on some assumptions (as discussed in section 5.3). Figure 15 shows the relative contributions of the different SED-classified sub-samples as a function of redshift and luminosity. It also suggests an evolution of the luminosity functions of all classes over the probed redshift range, which is shown more clearly in figure 16 . This is confirmed by a χ 2 fit to the binned data in the three redshift bins with a parametric LF of the Saunders et al. (1990) 
2 ). We note that, in order to keep consistency within our SED classification, the fit was performed only in the three redshift bins shown in figures 15 and 16 , and over the luminosity range properly probed by our data (as a reference, Log(L 1.4GHz )< 24.1, 24.4, 24.6 in the z ∼ 0.5, 0.8, 1.1 redshift bins, respectively), without including measurements from other surveys sampling brighter luminosities, nor a z=0 reference LF. Nonetheless, we show in figure 16 the LF of radio selected AGNs as derived by Smolčić et al. (2009b) in the redshift bins 0.35 < z < 0.6, 0.6 < z < 0.9, 0.9 < z < 1.3. We note that the Smolčić et al. (2009b) LFs are shown just as a reference, as the AGN sample of Smolcic et al. does not perfectly match our red sample, as shown in figure 12 , top panel 30 . Given this difference in the sample selection (and a small difference in the first redshift bin), the small area of our field which does not properly probe the brighter luminosities better sampled by the large COSMOS survey, and in general the uncertainties involved in the LF determination, our red-sample LFs can be considered in reasonably good agreement with the AGN LFs of Smolčić et al. (2009b) .
For each SED class (red, green and blue), as well as for the total population, we performed a simultaneous fit to the binned LFs in all three redshift bins, allowing for redshift evolution in the form L ∝ (1+z)
αL . This assumption of pure luminosity evolution (PLE) is only used as a working tool in order to quantify the observed evolution, and for comparison with other studies. In fact, we are well aware of the fact that, beside the well known degeneracy between luminosity and density evolution, there is indeed little reason to believe that either pure luminosity or pure density evolution (PDE) may be an adequate description over a range of different luminosities and redshifts (e.g. Dunlop & Peacock 1990 , Willott et al. 2001 , Ueda et al. 2003 . The very fact that radio populations are made of different types of objects, and that these different sub-populations might evolve in different ways, imply that simple PLE or PDE cannot be in general considered as an adequate description. On the other hand, due to the limited luminosity range probed, and to the small number statistics, our data alone cannot be sufficient to effectively constrain the general 20cm luminosity function and its redshift evolution, so we will only try to quantify the amount of evolution observed, at the luminosities and redshifts properly probed by our data, by assuming the simple PLE model of redshift evolution.
The best-fit α L obtained for the whole population is 3.5 ± 0.2, while for the red, green, and blue sub-samples we obtain α L =2.7±0.3, 3.7 Saunders et al. (1990) form, yields results perfectly consistent with those listed above for the parametric fitting (3.1 ± 0.2, 2.5 ± 0.3, 3.6 ± 0.2, 2.9 ± 0.3, for the total, red, green, and blue samples, respectively).
The formal best-fit α L is thus close to ≈ 3 for the whole sample as well as for all SED sub-samples. This suggests that our observations are consistent with luminosities decreasing by a factor ≈ 10 from redshift just above 1 to the local Universe. The fact that the evolution factors for the three SED classes are very close to each other might suggest also in this work a link between the evolution of star formation and AGN activity (e.g., Silverman et al. 2008 , Heckman 2009 , and references therein), provided that our SED-selected subsamples actually probe such different populations.
A PLE rate α L ≈ 3 is similar to PLE rates esti- 30 Because of the even greater difference between our blue and green samples and the Smolcic et al. star-forming sample we do not attempt a comparison of the LFs for star-forming galaxies. mated in other studies for star-forming galaxies (e.g., 2.5 (Seymour et al. 2004) , 3 (Cowie et al. 2004) , 2.7 with a negligible α D =0.15±0.6 (Hopkins 2004) , 2.7 (Huynh et al. 2005) , 2.3 (Moss et al. 2007 ), 2.1-2.5 (Smolčić et al. 2009a )) or Xray AGNs (e.g., 3.2 (Barger et al. 2005 ), 2.7 (Della Ceca et al. 2008 ). As far as AGNs are concerned, we should note though that low-luminosity radio AGNs have been found to show slower evolution compared to higher radio power AGNs (e.g., Willott et al. (2001) ) and, at luminosities similar to those probed here, somewhat lower PLE rates as compared to our red sample have been measured in some previous work (e.g. α L =2 (Sadler et al. 2007) or α L =0.8 (Smolčić et al. 2009b ) using the Sadler et al. (2002) AGN LF).
8. SUMMARY We have carried out a multi-wavelength analysis of faint radio sources in the Deep Swire VLA Field. The depth of this survey allows us to probe populations of radio sources uncommon or absent in other deep radio surveys, with almost a thousand sources fainter than 50µJy.
Based on optical/NIR/IRAC photometry, we built the SEDs of the identified counterparts and compared them both with a galaxy SED template library and with stellar population synthesis models, determining their photometric redshifts, stellar masses, and broad stellar population properties. The derived redshift distribution of radio sources appears to be different at different flux density levels, with the distribution of the faintest sources showing a more pronounced peak, at about redshift one.
We have focused on a 90% complete sample of counterparts of sub-mJy radio sources with redshift 0.3 < z < 1.3, dividing the sample in broad classes of quiescent, intermediate and star-forming systems based on their optical/NIR colors. The population mix as described by these sub-samples shows a clear dependence on radio flux density, with an increase of star-forming populations at lower fluxes, in agreement with previous studies. At all redshifts up to z ∼ 1.5, the contribution of star-forming galaxies becomes increasingly important at lower radio luminosities.
The rest-frame U-B vs B color-magnitude diagram of this radio-selected sample shows the presence of a significant green-valley population, beside two populations of red and blue galaxies. One might assume that the radio emission from red galaxies is in most part due to an AGN, because of their apparently very low star formation (beside a possible contribution of extremely dusty galaxies), and on the other hand that there is a predominant contribution to the radio emission from star formation in blue star forming galaxies.
The properties of the intermediate, green valley sample with respect to the "AGN" vs "star-forming" classification are less clear. Their stellar population properties, and the comparison of radio and UV luminosities, suggest that this class of objects might be a mixed population of AGN and star-forming galaxies, possibly including composite systems where both nuclear activity and star formation are present. On the other hand, the comparison of 24µm-based IR and 1.4GHz radio luminosities would suggest that many of our faint radio sources, and not limited to the blue, obviously star-forming galaxies, may lie close or on top of the radio-IR correlation expected for star forming objects. In particular, not only the radio-to-IR flux ratios of sources classified as intermediate are distributed very similarly to those of starforming galaxies, but also up to 40% of the "quiescent" classified galaxies have a measured q IR in the range 2.2-2.6. This result may be affected by the fact that we are sampling the IR SED only with one (24µm) photometric point. More stringent conclusions will be possible thanks to the analysis of the full IR SEDs, which will be the subject of a forthcoming work.
In agreement with previous studies, all populations studied in this work show evolution with redshift. In a simple PLE scenario, 1.4GHz luminosities decrease by about a factor 10 from redshift just beyond one to the local Universe.
A comparison with the whole sample of radio-undetected objects in the field, as well as a stacking analysis to study average radio properties of complete mass/SED-selected galaxy samples, are postponed to a future work, and will likely lead to a better understanding of the nature of the populations studied here, as well as more in general of the interplay of AGN and star formation activity in the evolution of galaxies.
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